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ABSTRACT
We investigate the evolution of polycyclic aromatic hydrocarbon (PAH) abundance in a
galaxy, which is a crucial step to understand the evolution of bright emission features in the
mid-infrared range. We calculate the evolution of dust grain size distribution in a manner con-
sistent with the physical conditions of the interstellar medium by post-processing our previous
hydrodynamical simulation of an isolated disc galaxy. We also differentiate between aromatic
and non-aromatic grains for carbonaceous dust species and explicitly considered the arom-
atization process. As a consequence, our model explains the metallicity dependence of PAH
abundances in nearby galaxies well. The PAH abundance increase is driven particularly by the
interplay between shattering and accretion (dust growth). The fast aromatization guarantees
that the small carbonaceous grains trace PAHs very well. Since shattering and accretion are
sensitive to the dust abundance, we predict that the PAH-to-dust abundance ratio increases as
the metallicity increases. This is consistent with the observation data of nearby galaxies.
Key words: dust, extinction — galaxies: evolution — galaxies: ISM — methods: numerical
— ISM: molecules
1 INTRODUCTION
Mid-infrared (MIR) spectral energy distributions of galaxies usu-
ally have prominent emission features. Some of them are con-
sidered to be caused by carbonaceous species, which are likely
to be polycyclic aromatic hydrocarbons (PAHs) (Leger & Puget
1984; Allamandola et al. 1985; Li & Draine 2012). There are some
alternative candidates for the careers of these emission features
such as hydrogenated amorphous carbons (HAC; Duley 1993),
quenched carbonaceous composite (Sakata et al. 1983), and mixed
aromatic/aliphatic organic nanoparticles (Kwok & Zhang 2011). In
this paper, we use PAHs to represent the materials responsible for
the above MIR emission features.1 PAHs play a key role in the en-
ergy balance of the interstellar medium (ISM) via absorbing ultra-
violet (UV) photons and emitting in the MIR, and the ionization
balance via interaction with electrons and ions (e.g. Tielens et al.
2008). The luminosities of these emission bands are also used as an
indicator of star formation in galaxies (e.g. Förster Schreiber et al.
2004). Therefore, it is important to clarify the origin and evolution
of PAHs in galaxies.
The luminosities of the MIR emission features show strong
metallicity dependence (e.g. Engelbracht et al. 2005; Ciesla et al.
2014). The features are deficient in low-metallicity galaxies with
? E-mail: cherrymow@gapp.nthu.edu.tw
1 Detailed identification of these spectral features is not important for this
paper. As long as the emission features are attributed to small carbonaceous
grains with aromatic structures, the scenario of this paper holds.
active star formation such as blue compact dwarf galaxies (e.g.
Hunt et al. 2010). Hard UV spectra (Plante & Sauvage 2002) and/or
enhanced supernova (SN) activities (O’Halloran et al. 2006) could
play an important role in PAH destruction in low-metallicity en-
vironments. Madden et al. (2006) also suggested the importance
of strong UV radiation field for PAH destruction (see also Mad-
den 2000; Wu et al. 2006). However, the indication that the size
distribution of PAHs are shifted to small sizes in the Small Magel-
lanic Cloud may be in tension with the destruction scenario, which
should produce the opposite trend in PAH sizes (Sandstrom et al.
2012). It is also possible that PAH evolution is strongly linked to
the dust evolution. Young galaxies may not have sufficient time for
asymptotic giant branch (AGB) stars to produce carbonaceous dust
and PAHs and to supply them into the ISM (Galliano et al. 2008).
Bekki (2013) also explained the metallicity dependence of PAH-to-
dust ratio by AGB stars. However, Cherchneff et al. (1992) calcu-
lated PAH formation yields in carbon-rich stellar outflows and con-
cluded that stellar outflows are not the main PAH formation sites.
We should also note that the metallicity does not necessarily reflect
the age (e.g. Kunth et al. 2000). Thus, the lack of PAHs in low-
metallicity galaxies may not be simply due to the age effect. Since
the metallicity dependence of the MIR features is also seen at high
redshift (z ∼ 2; Shivaei et al. 2017), it is important to clarify the
physical reason for the strong link between PAHs and metallicity
in the context of galaxy evolution.
Seok et al. (2014, hereafter S14) proposed a new idea to ex-
plain the metallicity dependence of PAH abundance. They mod-
elled the evolution of the PAH abundance in galaxies by assuming
c© 2019 The Authors
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that small grain production by shattering is the source of PAHs.
They also considered the destruction of PAHs by coagulation and
SN shocks. However, S14 did not directly solve grain size distribu-
tion in their model but applied the Mathis et al. (1977, so-called
MRN) grain size distribution to estimate the formation and de-
struction time-scales of PAHs. Using these time-scales, they post-
processed the evolution of the total dust amount calculated by
Asano et al. (2013a) and derived the evolution of the PAH abun-
dance. In this sense, their PAH abundance evolution was not self-
consistently calculated with the evolution of grain size distribu-
tion. Moreover, as shown by Hirashita (2012), shattering is not
the only source of small grains: accretion drastically increases the
small grain abundance, while S14 implicitly assumed that accre-
tion keeps the shape of the grain size distribution. Thus, we aim at
a self-consistent treatment of grain size distribution and PAH for-
mation, although S14’s basic idea that small-grain production leads
to PAH formation still holds in this paper.
Another point worth improving is an explicit treatment of
aromatization, which is a process of dehydrogenation under the in-
fluence of UV radiation. HAC grains have predominantly a disor-
dered structure with aliphatic bonds between atoms. These bonds,
especially C–H bonds, can be dissociated under UV radiation, and
the number of hydrogen atoms in the HAC grains gradually de-
creases. This leads to the formation of aromatic bonds and aromatic
ring structures. In this way, the structure becomes more ordered.
Thus, PAHs can result from photo-processing of HAC grains, as
also shown by experiments (Duley et al. 2015). The optical prop-
erties of the dehydrogenated HAC grains and PAHs are similar in
the sense that they have the same emission bands in the MIR range.
Since we are mainly interested in the abundance of aromatic emit-
ters in this paper, it is not important which species, PAHs or HAC,
is responsible for them. The essential points are (i) that there are
aliphatic-dominated and aromatic-dominated species, and (ii) that
aromatization converts the former to the latter ones. As mentioned
above, we call small grains responsible for the MIR emission fea-
tures as PAHs, keeping in mind that they can be HAC grains as
well.
The purpose of this paper is to model the evolution of PAH
abundance in a consistent manner with the evolution of grain size
distribution. Since the grain size distribution is affected by hydro-
dynamical evolution of the ISM, we solve the evolution of grain
size distribution based on hydrodynamical simulation results. We
utilize the method developed by Hirashita & Aoyama (2019, here-
after HA19) for this purpose. We further include the formation of
aromatic species as a result of photo-processing of (non-aromatic)
HAC, rather than assuming small carbonaceous grains as PAHs.
This paper is organized as follows. In Section 2, we describe
our PAH evolution model. In Section 3, we show the results and
test them against observational data. In Section 4, we compare our
new model with previous results (mainly S14), and describe future
prospects. In Section 5, we give the conclusion of this paper.
2 MODEL
We use the evolution model of grain size distribution in HA19,
which was developed based on Asano et al. (2013b). We post-
process the hydrodynamical simulation of an isolated disc galaxy
to derive the evolutionary paths of grain size distribution in various
conditions of the ISM. In addition, we distinguish between aro-
matic and non-aromatic carbonaceous dust and consider the aroma-
tization reaction from the second to the first species. For simplicity,
we only treat the evolution of carbonaceous dust (see Section 4 for
further discussions on this point). In what follows, we explain our
models.
2.1 Hydrodynamic simulation
We adopt the same hydrodynamic simulation as used in HA19.
We only give a brief summary and refer the interested reader to
HA19 for details. We use the modified version of gadget3-osaka
N-body/smoothed particle hydrodynamics (SPH) code (Aoyama et
al. 2017; Shimizu et al. 2019; the original version of gadget was
introduced by Springel et al. 2005). We adopt the initial condition
used in the low-resolution model of AGORA simulations (Kim et
al. 2014, 2016). The following components are included in the ini-
tial condition: halo, stellar disc, gas disc, and bulge. The gas mass
resolution is 8.6 × 104 M. The minimum gravitational softening
length is 80 pc and the baryons are allowed to collapse to 10 per
cent of this value. The star formation is assumed to occur in dense
regions in a local free-fall time with an efficiency of 0.01. Stellar
feedback and metal enrichment are calculated by CELib (Saitoh
2017), which includes both SNe and AGB stars.
The different evolution history of each SPH gas particle (here-
after, simply referred to as gas particle) could lead to different grain
size distributions and PAH abundances. To concentrate on the typ-
ical galactic-disc region, we choose gas particles located at radii
0.1 < R < 4 kpc and vertical height −0.3 < z < 0.3 kpc in the
cylindrical coordinate (R, z). Finally, we adopt 146 gas particles,
which are sufficient to investigate the statistical properties.
2.2 Grain size distribution
We calculate the evolution of grain size distribution on each gas
particle. We assume grains to be spherical and compact, so that
m = (4pi/3)a3s, where m is the grain mass, a is the grain radius and
s is the material density of dust. For simplicity, we assume that all
the dust species are carbonaceous. We separate the carbonaceous
species into aromatic and non-aromatic components, and concen-
trate only on these two carbonaceous species in this paper. We
adopt the physical parameters (including the above grain density
s = 2.24 g cm−3; see HA19 for the details in the material param-
eter dependence) appropriate for graphite for simplicity. Indeed,
as we show later, quick aromatization would realize ordered struc-
tures rather than amorphous ones, which could justify the usage of
graphite material properties. We neglect silicate to avoid complex-
ity arising from inter-species interactions (e.g. collisions between
silicate and carbonaceous grains). See Section 4.2 for more discus-
sions on this assumption.
We define the grain size distribution at time t, ni(a, t), such
that ni(a, t) da is the number density of grains with radius be-
tween a and a + da. The aromatic and non-aromatic species are
specified by the index i = ar and nonar, respectively. The total
grain size distribution is indicated without an index as n(a, t) ≡
nar(a, t) + nnonar(a, t). The time evolution of the grain size distri-
bution is driven by the following processes: dust condensation in
stellar ejecta, dust destruction by SN shocks, grain disruption by
shattering, dust growth by the accretion of gas-phase metals in the
ISM, and grain growth by coagulation.
The stellar dust production is calculated based on the increase
of the metallicity by assuming that a fraction fin = 0.1 of newly
injected metals from stars condense into dust. We assume that stars
produce large (a ∼ 0.1 µm) grains (more precisely, we assume a
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lognormal grain size distribution centred at a = 0.1 µm for dust
grains produced by stars). All grains produced by stars are assumed
to be non-aromatic (or we assume that the grains become aromatic
only after being processed in the ISM).
Shattering and coagulation occur in the collisions between
grains whose velocities are induced by interstellar turbulence (Yan
et al. 2004). High and low turbulence velocities in the diffuse and
dense ISM cause shattering and coagulation, respectively. Shat-
tering and coagulation are treated based on the so-called Smolu-
chowski equation. We calculate shattering and coagulation sepa-
rately for aromatic and non-aromatic species for simplicity (this
simplification does not affect our results significantly). We assume
that shattering only occurs in the diffuse phase with nH < 1 cm−3
(nH is the hydrogen number density) and that accretion and co-
agulation take place in the dense phase with nH > 10 cm−3 and
Tgas < 1000 K (Tgas is the gas temperature). Since the dense clouds
where accretion and coagulation occur cannot be spatially resolved
in our simulation, we assume that a mass fraction of fdense = 0.5
in the dense phase is condensed into dense clouds with hydrogen
number density 103 cm−3 and gas temperature 50 K on subgrid
scales and that coagulation occurs only in those dense clouds.
The evolution of grain size distribution by accretion and SN
destruction is governed by an advection equation in the a-space.
We only treat accretion in the subgrid dense gas (i.e. coagulation
and accretion take place in the same place). We apply the fol-
lowing procedure for accretion: we calculate the grain size distri-
bution modified by accretion in the next time-step, n(a, t + ∆t).
Since accreted material form non-aromatic structures (since we as-
sume that aromatization occurs in the diffuse ISM; Section 2.3),
we regard the increase of n at each a as the increase of nnonar.
Therefore, the non-aromatic grain size distribution is derived by
nnonar(a, t + ∆t) = n(a, t + ∆t) − nar(a, t) if nnonar is positive. In fact,
it could become negative because accretion could decrease the dust
abundance at the smallest a bins. In this case, we assume nnonar = n
and nar = 0. For destruction, we count the SNe attacking the gas
particle and assume that each SN destroys the dust contained in
the swept medium with a grain-size-dependent efficiency given by
HA19.
The total dust mass density ρdust(t) is calculated by
ρdust(t) =
∫ ∞
0
4
3
pia3s n(a, t) da. (1)
The dust-to-gas ratio is estimated as ρd,tot(t)/ρgas, where ρgas =
µmHnH (µ = 1.4 is the gas mass per hydrogen, and mH is the mass
of hydrogen atom).
In this paper, we neglect dust and PAH destructions by hard
photons. It is likely that photo-destruction occurs only in regions
near to the intense UV sources. Therefore, photo-destruction may
not affect the dust properties in the entire galaxy compared with the
dust processing mechanisms included above. Moreover, in the cur-
rent simulation framework, a calculation of radiation field (or radia-
tion transfer), which is generally computationally expensive, is not
implemented. Photo-destruction also occurs selectively where the
radiation field is hard; this means that we also need to trace the spa-
tial/time variation of the hardness of stellar SED. Because of the lo-
cal nature of photo-destruction and the technical difficulty, we focus
on the interstellar processing mechanisms described above. Never-
theless, we include aromatization by the mean UV radiation field
in the next subsection to justify that aromatic grains actually form
on a short time-scale. Thus, we also address the photo-destrcution
by the mean UV field in Section 4.2.
2.3 Aromatization
Owing to photo-processing, grains lose mainly their hydrogen
atoms. Herewith, the atomic structures change as mentioned above,
and the material properties change correspondingly. In particular,
the band gap energy, Eg, is related to the number fraction of hy-
drogen atoms (XH) through Eg = 4.3XH eV (Tamor & Wu 1990).
When HAC grains are fully hydrogenated, Eg reaches the maxi-
mum value, 2.67 eV (Jones et al. 2013). In contrast, Eg has the
minimum value when the grains are dehydrogenated. We assume
that the minimum value of Eg is 0.1 eV. The maximum and the
minimum values of Eg correspond to XH = 0.6 and 0.02, respec-
tively. We define the aromatization time as the time necessary for
dehydrogenation from the maximum value of XH to the minimum
one.
Based on Jones et al. (2014) and Murga et al. (2016a), we use
the following expression for the time evolution of XH for a grain:
dXH
dt
= YCHdissσ
CH
loss
∫ 13.6 eV
10 eV
Qabs(a, E)F(E) dE, (2)
where YCHdiss is the dissociation probability for an incident photon
on the grain, σCHloss(= 10
−19 cm2) is the dissociation cross-section,
F(E) is the photon flux with energy E, and Qabs is the absorption
efficiency. We adopt YCHdiss = 1 for a < 20 Å and Y
CH
diss = 20 Å/a for
a ≥ 20 Å. We use the absorption cross-sections described originally
by Jones (2012) and modified by Murga et al. (2019). The photon
flux corresponds to the mean radiation field in the solar neighbour-
hood given by Mathis et al. (1983). This is valid for the purpose
of examining the typical radiation field in Milky-Way-type galax-
ies. Also, our simulated galaxy has a constant star formation rate
similar to the present Milky Way value (∼ 1 M yr−1). Finally, we
obtain the following fitting formula for the aromatization time:
τar
yr
= 3
(
a
µm
)−2
+ 6.6 × 107
(
a
µm
)
. (3)
Since aromatization is associated with UV irradiation, we as-
sume that it occurs in the diffuse ISM with 0.1 < nH < 1 cm−3,
where UV radiation can penetrate easily. We define the aromatic
fraction far as
far(a, t) ≡ nar(a, t)/n(a, t), (4)
and calculate its time evolution as
∂ far
∂t
= (1 − far)/τar. (5)
Following S14, we assume the grain radii of PAHs to be between
aPAH,min = 3 × 10−4 and aPAH,max = 2 × 10−3 µm, corresponding to
∼20–3000 carbon atoms. We calculate the mass density of PAHs,
ρPAH, as
ρPAH(t) =
∫ aPAH,max
aPAH,min
far(a, t) ρdust(a, t) da. (6)
As clarified in the Introduction, we assume that small arom-
atized grains are the careers of the MIR features. It is not neces-
sary, however, to specify the optical properties of large aromatized
grains in this paper. We expect that large aromatized grains do not
show prominent mid-infrared features. As shown by Murga et al.
(2016b), aromatic grains do not show MIR features if grain radii are
larger than ∼ 100 Å. Since we categorize carbonaceous grains with
regular ring-like structures as aromatized grains, graphite could
also be regarded as ‘aromatized’ grains in our model. Detailed
specification of the material properties for large aromatized grains
is left for future work.
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3 RESULTS
3.1 Grain size distribution and aromatic fraction
Since we already discussed the evolution of grain size distribution
in HA19, we only give a brief summary of it. The evolutionary
trend of grain size distribution is similar among the gas particles;
thus, we show only two chosen cases (Fig. 1). To show the effect of
dust growth by accretion, we chose a case where the bump created
by accretion is clearly seen (upper panel of Fig. 1). At the earli-
est stage (t . 0.3 Gyr), stellar dust production dominates the dust
abundance; thus, the grain size distribution follows the lognormal
distribution of dust grains produced by stars. At t & 0.3 Gyr, shat-
tering produces a tail towards small grain radii. At t & 1 Gyr, dust
growth by accretion drastically increases the small grain abundance
because accretion is more efficient for smaller grains, which have
larger surface-to-volume ratios. Accretion often creates a promi-
nent bump around a ∼ 0.01 µm as observed in the upper panel of
Fig. 1. At t & 3 Gyr, coagulation converts small grains to large
ones, contributing to the increase of the large-grain abundance.
We also show the aromatic fraction ( far) in the lower window
of each panel. We observe that far is almost 1 for a . 0.1 µm at all
ages. This is due to the short aromatization time-scale. However,
for the case shown in the upper panel in Fig. 1, the aromatic frac-
tions at t = 0.3 and 3 Gyr have the minimum value at a ∼ 10−3 µm
and at a ∼ 10−2 µm, respectively, where the grain size distribu-
tion also has a peak. This peak is caused by accretion as men-
tioned above. Recall that accretion is assumed to contribute to the
increase of non-aromatic grains (Section 2.2). As shown in equa-
tion (3), the aromatization time-scale in the radius regime of PAHs
is ∼ 106–107 yr. The accretion time-scale can be as short as 106
yr at a ∼ 10−3 µm at solar metallicity (HA19). This explains the
temporary drop of aromatic fraction in the phase of efficient ac-
cretion. Since accretion occurs on a short time-scale, the aromatic
fraction temporarily drops. However, aromatization quickly occurs
subsequently, and the aromatization time-scale is still much shorter
than the overall dust enrichment time-scale (∼ chemical enrichment
time-scale). Thus, we do not observe low aromatic fractions in most
of the cases. Except for the phase of rapid accretion in the dense
ISM, we can practically regard the production of small carbona-
ceous grains as the PAH formation.
3.2 PAH abundance and metallicity
Now we investigate the evolution of PAH abundance. First, we ex-
amine the dust-to-gas ratio ρdust/ρgas in Fig. 2 since the total abun-
dance of dust, from which PAHs form in our model, is a basic quan-
tity for the interpretation of the PAH abundance. For the indicators
of PAH abundance, we examine the PAH-to-gas ratio (ρPAH/ρgas) in
Fig. 3 and the PAH-to-dust ratio (ρPAH/ρdust) in Fig. 4. Metallicity
is used as an indicator of evolutionary stage. Indeed, the relation
between dust-to-gas ratio and metallicity has been used to inves-
tigate the dust enrichment processes (Issa et al. 1990; Schmidt &
Boller 1993; Lisenfeld & Ferrara 1998; Dwek 1998; Rémy-Ruyer
et al. 2014). We used all the snapshots (output every 107 yr) for
the sampled gas particles to derive the following statistical prop-
erties. We divided metallicity into 40 linear bins, and show the
medians in these bins in the figures. The number of data points
in each bin is around 103. The shaded regions represent the area
between the first and third quartiles. We also compare the results
with the data of nearby galaxies compiled by S14 (originally taken
from Galliano et al. 2008 and Draine et al. 2007). The observa-
tional metallicity data are based on the oxygen abundance. Thus,
Figure 1. Evolution of grain size distribution and aromatic fraction ( far)
for two of the gas particles. The upper and lower parts in each panel are the
grain size distribution per hydrogen multiplied by a4 (this quantity is pro-
portional to the grain mass distribution per log a), and the aromatic fraction
( far), respectively. The different lines represent the different ages as shown
in the legend. The shaded region shows the radius range of PAHs.
we assume that the oxygen abundance fairly traces the total metal-
licity. The solar oxygen abundance is uncertain, and we simply fol-
lowed the solar abundance values adopted in those original papers
(12 + log(O/H) = 8.83 and 12 + log(O/H) = 8.69 for Galliano
et al. 2008 and Draine et al. 2007, respectively), keeping in mind
that there is a factor 2 uncertainty in the solar metallicity. The typ-
ical error of the PAH abundance is a factor of ∼ 2. Note that each
of their data points represents an individual galaxy. Here we regard
our results on the gas particles as representing the evolution of PAH
abundance in galaxies with a variety of physical conditions. In our
post-processing procedure, it is not possible to derive the global
quantities. We expect that the global dust and PAH abundances lie
near the medians or at least within the shaded regions in the dia-
grams.
We observe in Fig. 2 that the dust-to-gas ratio increases with
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Figure 2. Relation between dust-to-gas ratio and metallicity. The blue
points are the median of our simulations in the metallicity bins with blue
regions showing the area between the first and third quartiles. The orange
points show the observational data for nearby galaxy samples taken from
Galliano et al. (2008) and Draine et al. (2007). The typical error of dust
abundance is smaller than a factor of 2. Note that there is also a factor 2
systematic uncertainty in solar metallicity, which causes a shift of the ob-
servational data in the horizontal direction.
Figure 3. PAH-to-gas mass ratio as the function of metallicity. The blue
points are the median of our simulations in the metallicity bins with blue
regions showing the area between the first and third quartiles. The orange
points show the data for the same observational samples as adopted in Fig.
2. The typical error of the PAH abundance is a factor of 2.
metallicity. This is a natural consequence of chemical enrichment
and metal accretion on dust. Most of the observational data points
are consistent with the simulation result. The dust-to-gas ratio has
very small dispersion at low metallicity (Z . 0.1 Z) because the
dust-to-metal ratio is always ∼ fin determined by the condensation
efficiency in stellar ejecta in our model. A nonlinear increase and
an expansion of dispersion are apparent at high metallicity. This
Figure 4. PAH-to-dust mass ratio as function of metallicity. The blue points
are the medians in the metallicity bins with blue regions showing the area
between the first and third quartiles for our simulation results. The orange
points present the data for the same observational samples as adopted in
Fig. 2. The typical error of the PAH abundance is a factor of 2.
behaviour at high metallicity is caused by accretion (dust growth)
(Dwek 1998; Hirashita 1999; Zhukovska et al. 2008). We tend to
underestimate the dust-to-gas ratio at subsolar metallicity (∼0.2–
0.5 Z), but this may be due to the effect of averaging. Obser-
vational dust abundance is derived in a luminosity-weighted way,
which could be more biased to dust-rich regions associated with
star-forming regions, while we treat all the sampled gas particles
equally. However, we should emphasize that our model success-
fully covers a large part of the observed dust-to-gas ratios at high
metallicity.
Next, we examine the relation between PAH-to-gas ratio
(ρPAH/ρgas) and metallicity in Fig. 3. Our model reproduces the
observed relation. The increase of PAH abundance coincides with
that of dust-to-gas ratio as expected, but the increase of PAH abun-
dance along the metallicity is steeper than that of dust-to-gas ra-
tio. For the purpose of showing this steep increase of PAH abun-
dance, we show the evolution of PAH-to-dust ratio (ρPAH/ρd,tot) in
Fig. 4. Our calculation shows the increase of PAH-to-dust ratio with
metallicity. The increase is quantitatively consistent with the obser-
vational data. The increase of PAH-to-dust ratio indicates that the
PAH abundance is more sensitive to the metallicity than the total
dust abundance is. Since PAHs originate from small grains in our
model, shattering and accretion are important for PAH formation.
Accretion does not form PAHs directly, but it enhances the abun-
dance of small non-aromatic grains, which are subsequently con-
verted to aromatic species. Since the efficiencies of both accretion
and shattering depend on the dust abundance (and metallicity for
accretion), the increase of small grains has a nonlinear dependence
on the metallicity (Hirashita 2015); in other words, the increase of
small grains is more sensitive to the metallicity than that of the total
dust abundance. This is why the PAH-to-dust ratio increases with
the metallicity.
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4 DISCUSSION
4.1 Comparison with the previous model
S14 modelled the evolution of PAH abundance by post-processing
the dust-to-gas ratio calculated separately. They assumed shattering
to be the source of PAHs. We focus on their model with the nearest
star formation time-scale, τSF = 5 Gyr, to our simulated galaxy. The
evolution of PAH abundance in S14 shows a steep increase at Z ∼
0.2 Z. This is a natural consequence of accretion, which drastically
raise the dust abundance at sub-solar metallicity. S14 has a steeper
increase of PAH abundance at Z < 0.2 Z than our results, which is
also due to their steeper increase of dust-to-gas ratio. In a one-zone
model like S14, the rapid increase of dust and PAH abundances
by accretion occurs at a certain metallicity, while in our spatially
resolved modelling, the rapid increase does not occur coherently.
As a consequence, the increase of PAH abundance becomes milder
in our model than in S14.
We calculated the grain size distribution, while S14 did not.
Accretion as well as shattering directly increases the small-grain
abundance. The rate of small-grain formation is treated in a con-
sistent manner with the evolution of grain size distribution in our
model. Although our results are qualitatively similar to S14’s, the
treatment of grain size distribution is still essential since the rates
of shattering and accretion strongly depends on the grain size dis-
tribution.
Previous studies suggest other evolutionary pictures for PAH
abundance. Broadly, there are two major possibilities: destruction
by SNe and PAH supply by AGB stars. O’Halloran et al. (2006)
showed a prominent anticorrelation between the 7.7 µm feature
strength, which is an indicator of the PAH abundance, and the
[Fe ii]/[Ne ii] line ratio, which is a tracer of SN shocks. They also
found an anticorrelation between the [Fe ii]/[Ne ii] ratio and metal-
licity, arguing that the strong destruction of PAHs by SN shocks
could be the cause of the deficiency of PAHs in low-metallicity
galaxies. We included shock destruction in our calculations, but
found that shattering still continuously supply small grains, which
are quickly aromatized. In our model, shattering occurs everywhere
in the diffuse ISM because of the turbulent motion (see also Yan et
al. 2004; Hirashita & Yan 2009). Jones et al. (1996) showed that
grains are not only sputtered but also shattered in SN shocks. Shat-
tering in SN shocks could be as efficient as shattering in interstellar
turbulence (Hirashita et al. 2010). Therefore, it cannot be simply
concluded that the enhanced SN rate leads to a depletion of PAHs.
For the other possibility (PAH supply by AGB stars), Galliano et
al. (2008) and Bekki (2013) assumed that the PAH abundance is
governed by the ejection of carbonaceous dust from AGB stars. In
their models, the paucity of PAHs in low-metallicity galaxies is ex-
plained by young ages (i.e. lack of AGB stars). Although our results
do not exclude these possible explanation for the PAH–metallicity
correlation, we emphasize that our model naturally predicts it since
the small-grain production is sensitive to the metallicity.
4.2 Caveats and future prospects
In our model, we only treated the carbonaceous species for sim-
plicity. In the Galactic environment, it is known that the interstellar
dust contains as much silicate as carbonaceous dust (e.g. Weingart-
ner & Draine 2001). However, how these two species interact is not
certain. They may evolve separately or make compound species.
Experimental studies of dust growth could help to resolve this is-
sue (Rouillé et al. 2015). It is also suggested that carbonaceous ma-
terials could coat silicate grains (Jones et al. 2017). In this case,
silicate grains act as a ‘host’ of the growth of carbonaceous grains
in the sense that silicate grains accrete carbonaceous materials to
form grains whose optical properties eventually resemble pure car-
bonaceous grains. If these coated grains are shattered (note also that
there could be other mechanisms of grain disruption; Hoang 2019),
we expect that small carbonaceous dust is injected into the ISM.
Therefore, we expect that our simplified treatment in this paper is
still meaningful in the presence of silicate.
The inverse reaction of aromatization, ‘aliphatization’, could
also happen. This inverse process is also possible when the rate of
dehydrogenation is lower than that of hydrogen accretion on the
grain surface. As the C–C bonds become aliphatic after attachment
of new atoms, the material structures are transformed from ordered
to disordered ones. Aliphatization is expected to occur in weak UV
radiation field and high hydrogen density. Jones et al. (2014) found
that this process is efficient where the visual extinction is in the
range of 0.01–0.7 ≤ AV ≤ 1.5 (the lower limit depends on the
incident radiation field intensity). On the other hand, we already
included the formation of amorphous grains through metal accre-
tion in the dense ISM. Aliphatization is also taken as an accretion
process of hydrogen, so that we can effectively include aliphatiza-
tion into accretion in our framework. We have shown that formed
non-aromatic grains are aromatized quickly. Thus, we expect that,
even if we include the inverse reaction, our results are not altered
significantly because of the quick aromatization. Moreover, since
our results without aliphatization is consistent with the observed
PAH abundances, we could argue that aliphatization is not likely to
play a dominant role in determining the PAH abundance in nearby
galaxies.
In this paper, we neglected photo-destruction, which is likely
to be effective only locally (Section 2.2). Nevertheless, even the
mean radiation field could destroy the smallest PAHs. This de-
struction may systematically decrease the abundance of PAHs at
all metallicities compared with our calculation results. According
to Murga et al. (2016a), for the radiation field given by Mathis et al.
(1983), the destruction time-scale for PAHs smaller than a ∼ 5 Å is
shorter than ∼ 109 yr (dust enrichment time-scale). However, even
if all the PAHs with a ≤ 5 Å are eliminated in our calculations, it
decreases the PAH abundance by at most 20 per cent. Therefore,
the photo-destruction by the mean radiation field does not affect
our results significantly.
As a natural extension of our modelling, we could calculate
the evolution of PAH abundance and the hydrodynamical devel-
opment of the ISM simultaneously. This step serves to clarify the
distribution of PAHs within a galaxy. Indeed, there have already
been some hydrodynamical simulations that include the evolution
of grain size distribution (McKinnon et al. 2018; Aoyama et al.
2019). In addition, incorporating aromatization in the simulation
framework is necessary to complete this extension.
5 CONCLUSION
We post-process a previous hydrodynamical simulation of an iso-
lated galaxy with our evolution model of PAHs. We calculate the
evolution of PAH abundance in a consistent manner with the evo-
lution of grain size distribution. We also explicitly include aromati-
zation. In this model, the main PAH formation path is the interplay
between shattering and accretion and the subsequent aromatization.
We find that aromatization occurs quickly so that the formation
of small carbonaceous grains could be regarded as the production
of PAHs. Carbonaceous grains could be non-aromatic only in the
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phase of rapid dust growth by metal accretion in the dense ISM,
while they are aromatic in most of the galaxy evolution stages.
We find that the calculated relations between PAH abundance
(PAH-to-gas ratio and PAH-to-dust ratio) and metallicity are con-
sistent with the observation data of nearby galaxies. In particular,
the nonlinearity of shattering and accretion in terms of the metallic-
ity naturally explains the nonlinear increase of the PAH abundance
as a function of metallicity. The dispersion of PAH abundances is
interpreted as caused by a variety in the physical conditions (gas
density, temperature, etc.) of the ISM. We conclude that the sce-
nario that PAHs form as a result of small-grain production by shat-
tering and accretion with subsequent aromatization explains the ob-
served strong metallicity dependence of PAH abundance.
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